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In utero exposure to endogenous
maternal polyclonal anti‑Caspr2
antibody leads to behavioral
abnormalities resembling autism
spectrum disorder in male mice
Ciara Bagnall‑Moreau1, Patricio T. Huerta2,3, Davide Comoletti4,5, Andrea La‑Bella1,
Roseann Berlin6, Chunfang Zhao1, Bruce T. Volpe6, Betty Diamond1,7 & Lior Brimberg1,7*
The concept that exposure in utero to maternal anti-brain antibodies contributes to the development
of autism spectrum disorders (ASD) has been entertained for over a decade. We determined that
antibodies targeting Caspr2 are present at high frequency in mothers with brain-reactive serology
and a child with ASD, and further demonstrated that exposure in utero to a monoclonal anti-Caspr2
antibody, derived from a mother of an ASD child, led to an-ASD like phenotype in male offspring.
Now we propose a new model to study the effects of in utero exposure to anti-Caspr2 antibody.
Dams immunized with the extracellular portion of Caspr2 express anti-Caspr2 antibodies throughout
gestation to better mimic the human condition. Male but not female mice born to dams harboring
polyclonal anti-Caspr2 antibodies showed abnormal cortical development, decreased dendritic
complexity of excitatory neurons and reduced numbers of inhibitory neurons in the hippocampus, as
well as repetitive behaviors and impairments in novelty interest in the social preference test as adults.
These data supporting the pathogenicity of anti-Caspr2 antibodies are consistent with the concept
that anti-brain antibodies present in women during gestation can alter fetal brain development, and
confirm that males are peculiarly susceptible.
Autism spectrum disorder (ASD) affects 1 in every 58 children in the United States, and is 4 times more prevalent
in boys than girls1. ASD is diagnosed based on the presence of stereotypic behaviors and impairments in social
skills and communication. Recent research has emphasized the importance of the in utero environment as a
contributing risk factor for ASD. An elegant study demonstrated that siblings born within inter-birth interval
of 18 months or less after the birth of a child with ASD have a higher risk for ASD than siblings born after an
interval of 4 years or longer time p
 eriod2. Moreover, maternal half siblings of a child with ASD are more at risk
for ASD than paternal half siblings2.
Several studies looking into maternal risk factors for having a child with ASD have highlighted the importance
of infection3–5, microbiome6–8, and brain-reactive a ntibodies9,10. For instance, women with autoimmune diseases
such as rheumatoid arthritis (RA), celiac disease or systemic lupus erythematous (SLE) have an increased risk for
a child with A
 SD11,12. This association holds if the mother (but not the father) exhibits the autoimmune disease.
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Since autoimmunity is characterized by autoantibodies, it has been hypothesized that maternal antibodies can
pose a risk for ASD.
Maternal immunoglobulins of the IgG isotype begin to cross the placenta and enter the fetal circulation at
the beginning of the second trimester of pregnancy (for review see, Ref.13). Since the blood–brain barrier (BBB)
is not fully formed in the developing fetus, maternal IgG present in fetal circulation can penetrate fetal brain
parenchyma14. Thus, if the mother has antibodies that target fetal brain antigens, these antibodies might affect
brain development, while the mother will not be affected since she has mature and functional BBB.
A growing number of r eports10,15,16, including our o
 wn9, have demonstrated that mothers of an ASD child
are more likely to harbor anti-brain antibodies than mothers of a typically developed child or unselected women
of child bearing age. Over 10% of mothers of an ASD child harbor antibodies against brain antigens, while
such antibodies are found in only 2.5% of unselected women of child bearing a ge9 or in mothers of a typically
developed child17.
Experiments in mice and non-human primates have shown adverse outcomes when brain-reactive serum or
purified IgG derived from the mother of a child with ASD is transferred into pregnant females15,16,18–20. Braunschweig and colleagues identified intracellular antigens that are targeted by antibodies in the serum of mothers
of an ASD child, and suggested that various combinations of these antibodies pose a risk for having a child with
ASD17. More recently, Jones and colleagues showed that exposure in utero to polyclonal antibodies targeting a
combination of peptides from LDH-A, LDH-B, STIP1 and CRMP1 (identified in Ref.17) induced some abnormal
social and repetitive behaviors in female and male m
 ice21.
We have isolated monoclonal IgG from mothers with anti-brain antibodies and an ASD child, and focused on
a monoclonal antibody, termed C6, that binds to contactin-associated protein-like 2 (Caspr2)22, an extracellular
protein expressed on n
 eurons23, encoded by the CNTNAP2 gene. Importantly, we found that anti-Caspr2 IgG is
present in ~ 40% of mothers with anti-brain antibodies and an ASD child24. While Coutinho et al.25 reported no
excess of anti-Caspr2 antibodies in mothers of an ASD child, they did not first select for mothers with anti-brain
antibodies. In a cohort of 95 mothers we would expect to have 9 mothers with anti-brain antibodies, of which 4
harbor anti-Caspr2 antibodies. In their study, they found one mother with anti-Caspr2 antibodies and with an
ASD child. Their study was not designed to ask how often anti-Caspr2 antibodies are present in mothers with
anti-brain antibodies and with an ASD child, but their data do not remarkably differ from ours.
Several roles for Caspr2 in neural development and synaptic connection have been uncovered recently, such
as regulating neuronal m
 igration26, glutamate receptor t rafficking27, and facilitating the formation of new synaptic
28
spines . Caspr2 mutations in human pedigrees associate with neurologic abnormalities including ASD29–31, and
deletion of the gene that encodes Caspr2 has been shown to lead to neurodevelopmental abnormalities in mice26.
Caspr2 expression in the brain begins during fetal development, and the level of expression is similar between
females and males throughout g estation24. At gestational day E14, Caspr2 mRNA expression is localized to progenitor cells at the ventricular zone where excitatory projection neurons arise23,26,32. We have shown that gestating
mice given C6 intravenously, on gestational day E13.5, have male offspring with an ASD-like phenotype, but
normal female o
 ffspring24. Male mice exposed in utero to C6 displayed abnormal cortical development, decreased
dendritic complexity of excitatory neurons and reduced numbers of inhibitory neurons in the hippocampus,
as well as impairments in sociability, flexible learning, and repetitive behavior24. Caspr2 is considered to be
expressed almost exclusively in the central nervous s ystem23, and aside from its expression in the dorsal root
ganglia33, it is sequestered behind the BBB. Anti-Caspr2 antibodies cannot penetrate the brain and therefore
cannot cause brain insult with no compromise to the BBB. It should be mentioned that purified IgG containing
anti-Caspr2 IgG from two male patients with neuropathic pain passively administered for 2–3 weeks to mice,
resulted in hypersensitivity to provoked painful pressure suggesting that these patients’ antibodies produce pain
sensitivity through the dorsal root ganglia sensory neurons34.
We were motivated to create a more physiologic model since we have found that about 40% of mothers with
anti-brain antibodies harbor anti-Caspr2 antibodies24, and presumably they have a spectrum of antibodies reacting to different epitopes on Caspr2.
In the current study, we describe a model in which dams produce endogenous polyclonal anti-Caspr2 antibodies throughout gestation. Male, but not female mice, exposed in utero to polyclonal anti-Caspr2 IgG exhibit
brain and behavioral alterations similar to our observation in mice exposed in utero to C
 624 , and demonstrating
that the male bias we previously observed does not reflect the time of exposure to anti-Caspr2 antibody.
The development of an immunization model in which antibodies are present throughout gestation permits
an analysis of the progression of neurodevelopmental abnormalities and allows us to discern the window of time
in which neurons are vulnerable to maternal anti-Caspr2 antibodies and susceptible to therapeutic strategies
in future studies.

Results

Female mice immunized with Caspr2 developed high titers of IgG to mouse Caspr2.

Female
mice immunized with the extracellular region of human Caspr2 developed high IgG titers to both human and
mouse Caspr2 measured 2 weeks after the last boost (at the time of mating). Titers remained high until the time
of weaning of the litter (6–8 weeks after the last boost) as determined by cell-based assays (Fig. 1A, Fig S1).
Reactivity to both human and mouse Caspr2 was also observed in blood of E18.5 fetuses of dams immunized
with Caspr2 but not in Control (CFA alone) immunized mice or in their fetuses (Fig. 1A,B, Fig S1). Given
that the Caspr2 amino acid sequence is highly conserved between human and mouse, with 94% amino acid
sequence identity in the extracellular region, the use of human Caspr2 as the immunogen ensured that selftolerance to Caspr2 would be broken. Caspr2-specific B cells responding to the human protein function as
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Figure 1.  Serum from Caspr2 immunized mice binds Caspr2. (A) IgG from serum of Caspr2 immunized mice,
but not from Control mice, co-localized with human (upper panel) and mouse (second panel) Caspr2 on HEK
293T, and on HEK GnTI- (third panel) cells expressing turbo-green florescent protein (tGFP)-Caspr2. Serum
of Control immunized mouse showed no binding (bottom panel). No staining was seen on cells expressing
only tGFP or non-transfected cells (data not shown). (B) Serum from E18.5 fetuses of Caspr2-immunized mice
bound both human (upper panel) and mouse (middle panel) Caspr2 measured by a cell based assay. Serum
from Control immunized mice showed no binding (lower panel). (C) Serum from Caspr2-immunized mice
show reduced staining in the hippocampal CA1 region of Caspr2−/− compared to Caspr2+/+mice.
antigen-presenting cells enabling reactivity to mouse Caspr2 to develop, as was described in a study of reactivity
to self-cytochrome C35.
Serum of mice immunized with Caspr2 showed similar reactivity to Caspr2 expressed both on HEK293T and
glycosylation deficient HEK293 GnTI– cells (Fig. 1A). Given that Caspr2 is highly g lycosylated36, this observation ensured that antibodies were not specific for sugar moieties. In addition, serum from mice immunized with
Caspr2 showed a reduced binding, if any, to brains of mice lacking Caspr2 compared to brains of wild-type mice
(Fig. 1C). Both Control and Caspr2 immunized mice showed similar increase in serum IgG two weeks after the
last boost compared to baseline (Fig S1) and a similar level of the proinflammatory cytokines, IL6, IL17a, IL23,
and TNF-α (Mann Whitney, U = 4, P > 0.3). Control immunized mice showed a non-significant increase in
IFN-Ɣ (Mann Whitney, U = 1, P = 0.06). The similar immune profile suggest that Complete Freund’s Adjuvant
by itself leads to an increase in antibody level, and further indicates that further alterations reported are specific
to anti-Caspr2 antibody exposure.

Cortical abnormalities following exposure in utero exposure to anti‑Caspr2 IgG. Male, but not
female, fetuses of dams harboring anti-Caspr2 antibody showed brain abnormalities including a reduced number of proliferating cells and thinning of the cortical plate (Fig. 2A,B) similar to male mice exposed in utero to
C6 antibody24. Importantly, such abnormalities were not evident when the same experiment was performed in
Caspr2 null mice (Fig. S2), although elevated titers of anti-Caspr2 antibody were observed in the dams after
immunization and were similar to those induced in wildtype mice (Fig. S2). In line with reduced number of
proliferating cells and the thinning of the cortical plate, we found an overall reduced number of DAPI + cells in
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Figure 2.  Male mice born to dams immunized with Caspr2 show cortical abnormalities. (A-B) Male fetuses
(E15.5) from dams immunized with Caspr2 (Anti-Caspr2) display (A) a reduced ratio of cortical plate (CP)
to cortical width (CW) and (B) a decreased number of proliferating cells in the ventricular zone compared to
male fetuses of Control dams. (A) Left, DAPI staining. White and yellow lines indicate CP, and CW, respectively.
Right, quantification of the ratio of CP to CW. Mann Whitney, Male U = 1 *P < 0.05, Female U = 5, n.s. (B) Left,
PH3 + staining of mitotic cells. Right, quantification of PH3 + . Mann Whitney, Male U = 1 *P < 0.05, Female
U = 7, n.s (A,B) Male, Control n = 6, Anti-Caspr2 n = 4; Female, Control, Anti-Caspr2, n = 4; 3 litters each. (C)
Anti-Caspr2 male fetuses (E15.5) display a reduced number of DAPI positive cells across the cortex. Control
n = 10, Anti-Caspr2 n = 7, 3 litters each. t-test, t(15) = 2.433, * P < 0.05. (D) Analysis of the average of counts
from 2 to 4 sections per male mouse of NeuN positive neurons in the deep layers of the entorhinal cortex . Dots
represent number of NeuN positive cells counts in a section. Control n = 7, 5 litters, Anti-Caspr2 n = 7, 4 litters.
t-test, t(12) = 2.929, *P < 0.05.

the cortex of E15.5 male mice exposed in utero to anti-Caspr2 IgG (Fig. 2C) indicating a reduced number of
neurons overall.
Adult male mice exposed in utero to anti-Caspr2 IgG showed cortical changes similar to what we reported
for mice exposed in utero to C624, specifically a reduced number of NeuN + neurons in the deeper layers of the
entorhinal cortex (Fig. 2D). A gross examination of upper layers neurons did not reveal alterations in upper
layers neurons.

Alterations in excitatory and inhibitory neurons in the hippocampus. Since mice exposed in
utero to C6 antibody showed reduced dendritic complexity24, we assessed pyramidal hippocampal neurons in
mice exposed in utero to polyclonal anti-Caspr2 IgG, and observed fewer dendritic arborizations and spines in
the neurons of male mice compared to mice exposed in utero to Control IgG (Fig. 3A,B).
We also stained for GABAergic PV + neurons in adult male mice exposed in utero to anti-Caspr2 or Control IgG, as mice exposed in utero to C6 a ntibody24 and mice with a genetic deletion of C
 aspr227 display fewer
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Figure 3.  Male mice born to dams immunized with Caspr2 showed reduced dendritic arborization in
pyramidal neurons and a reduced number of parvalbumin (PV) GABAergic interneurons. (A) Analysis of
dendritic complexity in adult male mice exposed in utero to anti-Caspr2 (Anti-Caspr2, n = 5, 3 litters) or
Control IgG (Control, n = 5, 4 litters). Left, tracings of CA1 neurons using Neurolucida360 (MBF, Williston
VT), visualized with the Golgi method of silver staining. Right, Sholl analysis, male mice exposed in utero to
Anti-Caspr2 IgG show decreased length of dendrites. Number of neurons = 44 per group. Mixed model linear
analysis, P < 0.0001, ICC = 8%. (B) Analysis of the average number of synaptic dendritic spines per length in
each mouse show reduced density of spines in CA1 neurons in mice exposed in utero to anti-Caspr2 IgG.
Dots represent individual dendrites from which spines were counted, t-test, t(11) = 3.389, * P < 0.01. (Control,
Anti-Caspr2, n = 4, 3 litters per group). (C) Analysis of the average counts of PV + GABAergic interneurons in
the CA1 region. Dots represent number of individual PV + per section. t-test, t(9) = 6.639, * *P < 0.001, (Control
n = 6, Anti-Caspr2 n = 5, 4 litters).
GABAergic neurons. We found a reduced number of PV + neurons (Fig. 3C) in the hippocampus of male mice
exposed in utero to anti-Caspr2 IgG.
We did not find differences in hippocampal pyramidal neurons and in PV + neurons between female mice
exposed in utero to anti-Caspr2 or Control IgG (Fig. S3).

Behavioral abnormalities following exposure in utero exposure to anti‑Caspr2 IgG.

Overall we
found no difference between 5–7 weeks old male or female mice exposed in utero to anti-Caspr2 or Control
IgG, when assessing body weight, coat, grip strength, body tone, reflexes, locomotion and sickness behavior as
described in Ref.24 (Table S2). We did find that male mice exposed in utero to anti-Caspr2 IgG showed more
rapid escape in response to light stoke in comparison with Control mice (“touch escape”, Table S2). However, in
the open field test, avoidance of the center of the arena (suggestive of anxiety-like behavior) and total distance
traveled (mobility) were not different between the two cohorts (t test, t (39) = 0.85, P > 0.4), at 8–10 weeks of
age. We also did not find differences between the two cohorts in the rotarod test (Repeated measures ANOVA,
Immunization × Trials, Interaction: F (4, 72) = 0.3, P > 0.8), suggestive of intact motor coordination and balance.
We measured the time mice spent grooming and the number of marbles buried as assessments of a repetitive
behaviors37,38. Male mice exposed in utero to anti-Caspr2 IgG spent more time grooming (Fig. 4A) and buried
significantly more marbles than mice exposed in utero to Control IgG (Fig. 4B).
For the 3-chamber test, in the sociability phase, male mice of both groups showed increased interest in a novel
mouse compared to the object (empty cylinder) (Fig. 4C). In the social novelty phase, mice exposed in utero to
Control IgG spent more time sniffing a novel mouse versus a familiar mouse, whereas mice exposed in utero to
anti-Caspr2 IgG did not show this social preference and spent a similar amount of time sniffing the novel and
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Figure 4.  Behavioral phenotype of male mice born to dams harboring anti-Caspr2 IgG. (A) Grooming.
Time spent grooming was recorded during two independent 15 min sessions and scored automatically
using Ethovision software. Male mice born to Caspr2 immunized dams (Anti-Caspr2) spent overall more
time grooming than male mice born to Control dams (Control). Control n = 19, Anti-Caspr2, n = 18, t-test,
t(35) = 2.628, *P < 0.05. (B) Marble burying task. Anti-Caspr2 male mice buried more marbles than Control.
Control, n = 22, Anti-Caspr2, n = 19, Mann Whitney, U = 66.5. ***P < 0.0001 (C) Sociability test. Control and
Anti-Caspr2 offspring displayed a normal sociability defined as spending more time sniffing a mouse compared
to an object. Control n = 20, Anti-Caspr2, n = 19. Two way repeated measures ANOVA, Immunization x
Sociability Interaction: F (1, 37) = 7.828, P < 0.05, followed by Bonferroni post hoc test *P < 0.05, ***P < 0.0001.
(D) Social Novelty test. Control offspring displayed a normal social novelty defined as spending more time
sniffing a novel (Nov) mouse compared to a familiar (Fam) mouse, whereas offspring from Caspr2 immunized
mice spent a similar time sniffing the two mice. Control n = 18, Anti-Caspr2, n = 18. Two way repeated measures
ANOVA, Immunization × Novelty Interaction: F (1, 34) = 5.508, P < 0.05, followed by Bonferroni post hoc test
*P < 0.05. (E) Distance traveled during the social Novelty test. Control and Anti-Caspr2 offspring did not show
differences in total distance traveled during the social preference test Control n = 18, Anti-Caspr2, n = 18. t-test, t
(34) = 0.07608, n.s. (A–E) Control, 9 litters, Anti-Caspr2, 7 litters, from two independent experiments. *P < 0.05,
***P < 0.001. Mean ± SEM.
the familiar mouse (Fig. 4D). It should be noted that there was no difference in activity between groups, as the
total distances moved during the social preference test were similar for the two groups (Fig. 4E).
Female offspring exposed in utero to anti-Caspr2 performed similarly to female mice exposed in utero to
Control IgG in all assessments, further confirming the absence of a detectable insult to the developing female
fetal brain (Fig. S4).
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Discussion

In the current study, male mice exposed in utero to polyclonal anti-Caspr2 antibody throughout gestation
exhibited a pattern of behavioral abnormalities including repetitive behavior and social deficit that resemble
an ASD–like phenotype. The current study shows that the male bias does not reflect administration of the C6
antibody at a time at which the male brain might be particularly vulnerable. Moreover, prenatal exposure to
anti-Caspr2 antibody resulted in structural abnormalities in the cortex and the hippocampus. These results are
similar to what was observed in mice following exposure in utero to the monoclonal anti-Caspr2 antibody, C624.
We previously demonstrated that C6, cloned from a mother of a child with ASD and administered on gestational
day E13.5, elicited structural brain abnormalities and led to ASD-like behavioral impairments in male o
 ffspring9.
Our current model is based on in utero exposure to endogenous polyclonal anti-Caspr2 following immunization. There was no variation in phenotype by litter suggesting that all polyclonal responses to Caspr2 harbor
pathogenic responses. This is of special interest since we have found that about 40% of mothers with anti-brain
antibodies harbor anti-Caspr2 a ntibodies24, and presumably they have a spectrum of antibodies reacting to different epitopes on Caspr2. We believe this model captures the human condition in which anti-Caspr2 antibody
is present continuously during gestation. Using this model we will be able to investigate the effects of maternal
anti-Caspr2 antibodies from the time they are crossing the placenta to the time the BBB prevents the penetration
of maternal antibodies to the developing brain.
Most studies in mice and rhesus monkeys investigating a link between ASD and in utero exposure to maternal
antibody have employed a passive antibody approach, exploring the effect of IgG pooled from serum of women
with brain-reactive antibodies and a child with ASD18,20,39. One of these studies showed that passive transfer of
IgG containing anti-Caspr2 antibody to murine dams led to social deficits, loss of glutamatergic synapses and
microglial activation in male and female o
 ffspring40. This study confirmed the pathogenicity of in utero exposure
to anti-Caspr2 antibody, although the IgG was purified from two elderly male patients with encephalitis and
anti-Caspr2 antibody.
There is only one study of offspring exposed in utero to endogenous production of ASD-relevant antibody.
Jones and colleagues21, immunized female mice with 21 peptides, each 15–20 amino acids long, corresponding to
the sequence of intracellular proteins (LDH-A, LDH-B, STIP1 and CRMP1) previously suggested to be targets of
antibodies in the serum of mothers of an ASD child17. Male and female mice offspring showed increased grooming as well as social interaction deficits during dyadic play but not in the 3 chamber sociability test.
In utero exposure to anti-Caspr2 IgG resulted in structural abnormalities in the brain of male mice, which
persisted into adulthood. We noted a reduced number of neurons in the deeper layers of the entorhinal cortex.
Alterations to deep layer pyramidal neurons have been reported in disparate ASD m
 odels19,41,42. Layers 5 and 6
start to develop by E12.543, a time when the embryonic brain is accessible to IgG in the c irculation13. The deep
layer pyramidal neurons express C
 aspr223, and in the entorhinal cortex they are positioned uniquely to integrate
inputs from the hippocampus and communicate with other cortical areas44. Therefore, numerous brain circuits
and associated behaviors may also be disrupted by anti-Caspr2 IgG. Moreover, we found that exposure to antiCaspr2 IgG resulted in both loss of GABAergic PV + inhibitory neurons and reduced dendritic arborization and
spines in CA1 excitatory neurons. Various ASD mouse models including Caspr2 null mice demonstrate abnormal hippocampal synaptic function26,33,45,46 including changes in both inhibitory and excitatory n
 eurons26–28,42.
In utero exposure to anti-Caspr2 IgG produced several behavioral abnormalities in adult male mice. Interestingly, while exposure in utero to monoclonal anti-Caspr2 IgG resulted in abnormal sociability (i.e., preference
toward object rather than a novel mouse) in a Y maze, in the current model, mice exposed in utero to antiCaspr2 IgG showed alterations in social novelty (i.e., preference for a novel mouse over a familiar mouse) in the
3-chamber test. It is not clear if the difference is a response to the different anti-Caspr2 specificities (polyclonal
versus monoclonal antibody) or a change in the time of exposure with earlier exposure in the polyclonal model.
The lack of discrimination between social targets in the social novelty test may indicate impairment in social
memory47. It has been shown that hippocampal neurons mediate social memory48, and that neurons projecting
from the cortex to the hippocampus can affect social memory without affecting s ociability49. Understanding the
differences in these models requires further study.
Mice exposed in utero to polyclonal anti-Caspr2 IgG showed repetitive behaviors similar to mice exposed in
utero to monoclonal anti-Caspr2 I gG24. While the hippocampus has been associated with social b
 ehavior47,48,
the relationship between the hippocampus and repetitive behaviors is less clear. The hippocampus has connections to several brain regions in cortico-basal ganglia-thalamic circuits, including the striatum50, suggesting the
possibility that neurons in the hippocampus may affect this circuit to modulate repetitive behaviors.
As in our previous model24, we found that male mice were specifically affected by exposure in utero to maternal anti-Caspr2 IgG. Gender specific neurodevelopmental effects have been documented in a mouse model of
lupus, in which maternal anti-DNA antibodies cross reactive with the NMDA receptor leads to death of female
fetuses and cognitively impaired male offspring. We did not find differences in the level of circulating anti-Caspr2
IgG in serum of male and female fetuses, and Caspr2 is expressed at similar levels in male and female fetuses on
E15.5, and at postpartum24. Hormonal differences between male and female fetuses begin as early as E12.5, and
may exert a protective effect in female mice exposed in utero to anti-Caspr2 IgG, acting either at the time of the
exposure to antibody or initiating a compensatory program at a later time point. Consistent with this hypothesis,
it has been shown that estrogen can reverse the behavioral phenotype in CNTNAP2 zebrafish mutants51.
It should be noted that while this study confirms the pathogenicity of anti-Caspr2 antibodies, and further
suggest that the monoclonal C6 antibody does not function through an unrecognized cross-reactivity, we have
not yet determined the precise mechanism by which maternal anti-Caspr2 antibodies are causing brain and
behavioral alterations. One possibility is that anti-Caspr2 antibodies may create a functional hypomorph of
Caspr224 at a critical moment in brain development. This is supported partially by some similarity between
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the current model and the phenotype of Caspr2 null m
 ice26,33. However, in our model, anti-Caspr2 antibodies
might act on Caspr2 transiently as opposed to the permeant deletion of Caspr2 in Caspr2 null mice. The second
possibility is that anti-Caspr2 immune complexes activate microglia through binding activating Fc receptors.
A previous study has shown that exposure in utero to IgG purified from plasma of patient with high titers to
Caspr2 resulted in increased activation of microglia40. Anti-Caspr2 antibody on the membrane of neurons may
recruit C1q to permit dendritic pruning. Interestingly, C1q-tagged neurons have decreased levels of Neuronal
pentraxin 1 (Nptx1), a protein involved in AMPA receptors t rafficking52. Impaired AMPA receptor trafficking can
affect dendrites and spines m
 orphology53. Alternatively, C1q decorated synapses may be targeted for p
 runing54.
These hypotheses require further studies.

Methods

Animals. Animal use was in accordance with institutional guidelines of the Feinstein Institutes for Medical
Research. All protocols were approved by the Feinstein Institutes Animal Care and Use Committee (IACUC).
C57BL/6 and B6.129(Cg)-Cntnap2tm1Pele/J (Caspr2 null) mice (5 weeks old) were obtained from the Jackson
Laboratory and were allowed to acclimate to the animal room for one week. Six week old female mice were
randomly assigned to be immunized with Caspr2 or adjuvant alone (Control). Female mice were immunized
intra-peritoneal (i.p.) with 50 ug (in 50 μl of saline) of the extracellular region of human Caspr2 (Caspr2 1,261,36)
expressed using glycosylation deficient HEK293T GnTI − cells36 in Complete Freund’s Adjuvant (50 μl) on day
1, followed by i.p. booster injections of 50 ug (in 50 μl of saline) of immunogen mixed with 50 μl of Incomplete
Freund’s Adjuvant on days 14 and 28. Control female mice were immunized with 50 μl of saline mixed with 50
μl of adjuvant. Two weeks after last boost, immunized mice were mated with naïve males.
For fetal brain analysis timed pregnancies were generated by housing 2 females from the same treatment and
same genotype and 1 non-treated male (with a matching genotype) together for 14 h. The time when the male
mouse was removed from the cage was designated embryonic (E) day 0.5. Embryos were harvested at E15.5,
or E18.5 and processed for sex identification and fetal brain pathology (E15.5)24, or blood collection (E18.5).
Additional pregnancies were allowed to reach full term for behavioral and histology assessments of offspring
during adulthood.
Table S1 specifies the number of mice per litter that were used in each test.
Blood collection. Blood was collected by cheek bleed from immunized mice at baseline (right before
immunization), 2 weeks after last immunization (before mating), and at the time embryos were harvested or
when offspring were weaned. Blood samples were allowed to sit at room temperature for 30 min. They were then
centrifuged for 5 min at 10,000 RPM, twice. Serum was collected and stored at − 20 °C.

IgG ELISA.

We determined the amount of mouse IgG in the serum of immunized mice at time 0, and
2 weeks after last immunization by ELISA as described in24,55. In short, plates coated with goat anti-mouse IgG
(ThermoFisher Scientific, 62-6500) were incubated with serial diluted serum starting at 1:2,500 for 1 h at room
temperature (RT). After washing, AP labeled goat anti-mouse IgG diluted 1:1,000, (ThermoFisher Scientific,
31320) was added to the plates at RT for 1 h. The assay was developed at RT using phosphate substrate tablets
(Sigma, S0942).

Cytokine assays.

Cytokine analysis was performed on 8 maternal Caspr2 and Control immunized serum
pulled to 4 samples each, using a custom U-PLEX Biomarker kit (Meso Scale Discovery (MSD), Rockville, MD),
including U-PLEX Mouse IFN-γ, U-PLEX Mouse IL-6, U-PLEX Mouse IL-17A, U-PLEX Mouse IL-23 and
U-PLEX Mouse TNF-α. MSD plates were analyzed on the MS2400 imager (MSD). The assay was performed
according to the manufacturer’s instructions. All standards and samples were measured in duplicate.

Binding assays using transfected HEK‑293T cells. Serum of immunized mice and fetuses was analyzed for anti-Caspr2 IgG using a live cell-based immunofluorescence assay as previously described24. Antibody
titers against Caspr2 were assessed against both human and mouse Caspr2 as described in24 using HEK-293 T
or HEK293T GnTI-cells (ATCC).
Immunohistochemistry of fetal brains. Sections were prepared as described in24. E15.5 brain sections

were stained with Phospho-Histone 3 (PH3) and DAPI, as described i n24. In short, tissue sections were blocked
for 1 h with PBS (5%) with bovine serum albumin (BSA) in Triton X100 (0.1%) at RT. Anti PH3 antibody (1:100,
Millipore 06-570) and DAPI (1 µg per ml, Life Technologies) were added overnight at 4 °C. After washing in
PBS/0.1%Tween, antibody binding was detected using Alexa 594 goat anti-rabbit (Life Technologies) and visualized with an Axio-Imager (Z-1, Axio-Vision 4.7, Zeiss).
The number of proliferating cells (PH3 + cells) in the ventricular zone was quantified by automat image analysis programs on the Axio-Imager microscope. We identified anatomical regions using within-section coordinates
and counted positive cells in comparable ventricle zone a rea24.
The ratio for cortical plate (CP) over cortical width (CW), termed CP/CW, was evaluated automatically by labmade software (Gata-Gracia et al., Under Review). In short, CP/CW ratio was calculated by repeated sampling
throughout the length of the defined cortical plate. Mean values of CP/CW ratios were used for comparison.
E15.5 brains were also evaluated for total DAPI + cells, which were counted using the Fiji image processing
package of Image J. Images (100 × 100 μm) were subdivided into 10 equal bins to segment the lamination of the
cortex avoiding the bias of identifying manually brain layers. A threshold and watershed algorithm was applied
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to segment and define the cell clusters in the image. Cells were automatically counted within each bin as defined
by size and sphericity using the ‘analyze particle’ function. A summary of the total number of positive cells
counted was analyzed.

Immunohistochemistry of adult brains. Sixteen to 20 week old mouse brains were prepared for NeuN
labeling (anti-NeuN antibody, Millipore, Mab 337), parvalbumin (PV) labeling (Anti-PV antibody, Abcam,
ab11427), and Golgi method as described in Ref.24.
The number of NeuN + neurons was determined in the deep layers (layers 5–6) of the entorhinal cortex,
modifying the nearest neighbor approach that was formerly used (MBF, Williston, Vt.24). A systematic random
sampling grid was positioned ventral and medial to the rhinal notch (Bregma − 3.52 mm), with upper structured
layers as anchor points. Neurons in focus in the optical planes within the sampling grid were counted. Each run
represents the neuron number of an individual section. There were 2–4 sections per mouse.
We counted PV + neurons from matched coronal sections (40 µm thick) across the stratum pyramidale of CA1
region of the dorsal hippocampus (Bregman − 1.20 to − 1.80 μm). Identical volumes were sampled (0.191 mm2)
at 20 × (Axio-Imager Z1; Zeiss), and 2–4 sections were counted per mouse.
Quantification of dendrites and spines was performed on Golgi stained sections (FD Rapid GolgiStain Kit,
Ellicott City, MD) as described in detail in Refs.24,56. Briefly, for dendrite analysis, images were collected (40 ×;
Axio-ImagerZ-1, tiled, z-stack 2.0 µm) of neurons in the stratum pyramidale of the CA1 hippocampus (comparable sections, 100 µm), approximately one of four periodicity from Bregma − 0.94 to 2.0 mm that had apical
dendrites and a cell body and were distinguishable from nearby neurons. Dendrites were traced, and a Sholl
template was imposed on the trace (concentric shells of increasing diameter) in order to measure the total dendritic length for each shell (Neurolucida360, MBF, Williston VT)57. While the mean dendritic length for each
shell is displayed, all the measurements were analyzed using a mixed model linear analysis in order to account
for the clustering of dendrite measures. We evaluated whether there was a difference in outcome between mice
exposed in utero to anti-Caspr2 or Control IgG, while accounting for three-level hierarchical design, where the
unit of observation was the radius of a shell that was nested within cells, which were nested within mice.
For the spine analysis, images were collected of dendrites of CA1 pyramidal neurons (at 100 ×: Axio-Imager
Z1, tiled, Z-stack 0.5-μm). Spines were visualized and counted (per µm of dendritic length).
Behavioral assessments. A primary behavioral screen was performed at 5–7 weeks of age on mice that
were exposed in utero to anti-Caspr2 or Control IgG, and this was followed by behavioral tests at 8–14 weeks of
age. Mice were maintained on a reverse schedule of dark (09:00 to 21:00) and light (21:00 to 9:00) with ad libitum
access to food and water. Mice undergoing behavioral assessments were analyzed according to their cage number, which did not indicate the in utero exposure to antibody; therefore, the testing was performed in a blinded
fashion. Female and male mice were tested on separate days. One week before testing, each mouse was handled
for 3 days in 15 min sessions during the dark period of their circadian cycle. A behavioral screen was conducted
to assess autonomic responses and neurological reflexes24. Animal behavior was recorded with a centrally placed
camera using video tracking software (EthoVision v14, Noldus, Attleboro, MA, USA).
The open field test, grooming behavior assessment and marble burying test were performed in a square
arena (40 cm on each side) with dark walls (30 cm high). The open field test was used to examine mobility and
the lack of occupancy of the center of the arena was defined as a measure of anxiety as described in Ref.24. Mice
were examined for 15 min during the habituation phase. The next day, grooming behavior was recorded in two
sessions (15 min each, 2 h apart) and analyzed automatically with the “mouse behavior recognition” module
within EthoVision. The marble burying assay was performed as described in Ref.24 with slight modifications.
Each individual mouse was placed in the arena with 4 cm deep bedding in which 25 black glass marbles (1.2 cm
diameter) were placed in a 5 × 5 arrangement. The number of marbles buried in 20 min (> 50% of the marble
covered by bedding material) was recorded. Marbles were washed with alcohol and water, dried and rubbed in
fresh bedding to eliminate odors, between each animal.
The rotarod test was performed as previously d
 escribed58. The rotarod was used to asses motor coordination
and balance Briefly, each mouse was placed on a rotating drum (ENV-576 M, Med Associates Inc, St. George,
VT, USA), with an acceleration from 4 to 40 rpm over 5 min. The time at which the mouse fell off the drum was
recorded. The test was repeated 5 times for each mouse with an interval of at least 1 h between trials.
The 3-chamber social task was performed as described in Ref.59. This task exploits the natural tendency of
mice to approach and investigate an unfamiliar mouse over an object or a familiar mouse60. In short, mice were
placed within a 3-chamber arena (clear Plexiglas) with openings between the center and the side chambers in
order to allow for free passage between them. Mouse behavior was tracked and recorded (Ethovision) during
3 consecutive phases (10 min each), with no longer than 2 min delay interval to allow the preparation for next
phase. On phase 1 (habituation), the test mouse was placed in the middle chamber and allowed to explore the
empty arena for 10 min. On phase 2 (sociability), an unfamiliar animal (mouse 1) of the same age, sex and
genotype was placed in one of the two peripheral chambers within a cylinder that allowed for social interaction
but prevented any escape or mounting behavior; a second (empty) cylinder was added in the opposite peripheral chamber. The cylinders were identical (diameter, 9 cm; height, 20 cm), with the bottom 5.5 cm perforated
with holes (diameter, 0.5 cm), and were 3D printed using blue methacrylate resin (Form2 printer, FormLabs,
Somerville, MA, USA). The sociability of the test mouse was assessed over the 10 min period by its willingness
to explore mouse 1, as opposed to the empty cylinder. On phase 3 (social novelty), another unfamiliar mouse
(mouse 2) of the same sex and genotype was introduced into the empty cylinder and was denoted as the ‘novel’
mouse, while mouse 1 from the previous phase was the ‘familiar’ mouse. The social novelty behavior of the test
mouse was then measured by its preferential exploration of the novel mouse over the familiar mouse.
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Statistical analysis. We used Mann–Whitney test to compare medians of two independent groups for

small datasets or for non-normally distributed samples, otherwise we used two-sample Student’s t-tests.
We used a mixed model linear analysis in order to account for clustering of measures, and calculated intraclass
correlation coefficient (ICC), to indicate a reasonable variance accounted for by clustering.
To analyze the rotarod test we performed a Repeated Measures ANOVA with a within subjected factor of
trials and immunization (Anti-Caspr2/ Control) as the between subject factor.
We used similar analysis to analyze the three chambered social test with a within subjected factor of sociability
or novelty and immunization (Anti-Caspr2/ Control) as the between subject factor, followed by Bonferroni post
hoc test (the specific comparisons are demonstrated in the figures).
Tests involved two groups were analyzed using Graph Pad Prism 7. ANOVA was performed with the statistical
toolbox of Origin v.11. Mixed model linear analysis was performed on R program 3.6.2. Values were considered
significant for p < 0.05. Data are presented as mean and error bars represent the standard error or as median and
range. All tests were performed two-tailed.

Data availability

The datasets generated during the current study are available from the corresponding author upon request.
Received: 14 February 2020; Accepted: 29 July 2020

References

1. Baio, J. et al. Prevalence of autism spectrum disorder among children aged 8 years - autism and developmental disabilities monitoring network, 11 sites, United States, 2010. MMWR Surveill. Summ. 67, 1–23. https://doi.org/10.15585/mmwr.ss6706a1 (2014).
2. Risch, N. et al. Familial recurrence of autism spectrum disorder: evaluating genetic and environmental contributions. Am. J.
Psychiatry https://doi.org/10.1176/appi.ajp.2014.13101359 (2014).
3. Lee, B. K. et al. Maternal hospitalization with infection during pregnancy and risk of autism spectrum disorders. Brain Behav.
Immun. 44, 100–105. https://doi.org/10.1016/j.bbi.2014.09.001 (2015).
4. Hsiao, E. Y. & Patterson, P. H. Activation of the maternal immune system induces endocrine changes in the placenta via IL-6. Brain
Behav. Immun. 25, 604–615. https://doi.org/10.1016/j.bbi.2010.12.017 (2011).
5. Choi, G. B. et al. The maternal interleukin-17a pathway in mice promotes autism-like phenotypes in offspring. Science 351, 933–939.
https://doi.org/10.1126/science.aad0314 (2016).
6. Kim, S. et al. Maternal gut bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature 549, 528–532. https
://doi.org/10.1038/nature23910 (2017).
7. Shin Yim, Y. et al. Reversing behavioural abnormalities in mice exposed to maternal inflammation. Nature 549, 482–487. https://
doi.org/10.1038/nature23909 (2017).
8. Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders.
Cell 155, 1451–1463. https://doi.org/10.1016/j.cell.2013.11.024 (2013).
9. Brimberg, L., Sadiq, A., Gregersen, P. K. & Diamond, B. Brain-reactive IgG correlates with autoimmunity in mothers of a child
with an autism spectrum disorder. Mol Psychiatry 18, 1171–1177. https://doi.org/10.1038/mp.2013.101 (2013).
10. Braunschweig, D. et al. Autism: maternally derived antibodies specific for fetal brain proteins. Neurotoxicology 29, 226–231. https
://doi.org/10.1016/j.neuro.2007.10.010 (2008).
11. Atladottir, H. O. et al. Association of family history of autoimmune diseases and autism spectrum disorders. Pediatrics 124,
687–694. https://doi.org/10.1542/peds.2008-2445 (2009).
12. Vinet, E. et al. Increased risk of autism spectrum disorders in children born to women with systemic lupus erythematosus: results
from a large population-based cohort. Arthritis Rheumatol. 67, 3201–3208. https://doi.org/10.1002/art.39320 (2015).
13. Simister, N. E. Placental transport of immunoglobulin G. Vaccine 21, 3365–3369 (2003).
14. 14Braniste, V. et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 6, 263ra158. https
://doi.org/10.1126/scitranslmed.3009759 (2014).
15. Singer, H. S. et al. Prenatal exposure to antibodies from mothers of children with autism produces neurobehavioral alterations: a
pregnant dam mouse model. J. Neuroimmunol. 211, 39–48. https://doi.org/10.1016/j.jneuroim.2009.03.011 (2009).
16. Martin, L. A. et al. Stereotypies and hyperactivity in rhesus monkeys exposed to IgG from mothers of children with autism. Brain
Behav. Immun. 22, 806–816. https://doi.org/10.1016/j.bbi.2007.12.007 (2008).
17. Braunschweig, D. et al. Autism-specific maternal autoantibodies recognize critical proteins in developing brain. Transl. Psychiatry
3, e277. https://doi.org/10.1038/tp.2013.50 (2013).
18. Bauman, M. D. et al. Maternal antibodies from mothers of children with autism alter brain growth and social behavior development in the rhesus monkey. Transl Psychiatry 3, e278. https://doi.org/10.1038/tp.2013.47 (2013).
19. Camacho, J. et al. Embryonic intraventricular exposure to autism-specific maternal autoantibodies produces alterations in autisticlike stereotypical behaviors in offspring mice. Behav. Brain Res 266, 46–51. https://doi.org/10.1016/j.bbr.2014.02.045 (2014).
20. Dalton, P. et al. Maternal neuronal antibodies associated with autism and a language disorder. Ann. Neurol. 53, 533–537. https://
doi.org/10.1002/ana.10557(2003).
21. Jones, K. L. et al. Autism-specific maternal autoantibodies produce behavioral abnormalities in an endogenous antigen-driven
mouse model of autism. Mol. Psychiatry https://doi.org/10.1038/s41380-018-0126-1 (2018).
22. Brimberg, L. et al. Behavioral, pharmacological, and immunological abnormalities after streptococcal exposure: a novel rat model
of Sydenham chorea and related neuropsychiatric disorders. Neuropsychopharmacology 37, 2076–2087. https://doi.org/10.1038/
npp.2012.56 (2012).
23. Poliak, S. et al. Caspr2, a new member of the neurexin superfamily, is localized at the juxtaparanodes of myelinated axons and
associates with K+ channels. Neuron 24, 1037–1047 (1999).
24. Brimberg, L. et al. Caspr2-reactive antibody cloned from a mother of an ASD child mediates an ASD-like phenotype in mice. Mol.
Psychiatry 21, 1663–1671. https://doi.org/10.1038/mp.2016.165 (2016).
25. Coutinho, E. et al. CASPR2 autoantibodies are raised during pregnancy in mothers of children with mental retardation and
disorders of psychological development but not autism. J. Neurol. Neurosurg. Psychiatry 88, 718–721. https://doi.org/10.1136/
jnnp-2016-315251 (2017).
26. Penagarikano, O. et al. Absence of CNTNAP2 leads to epilepsy, neuronal migration abnormalities, and core autism-related deficits.
Cell 147, 235–246. https://doi.org/10.1016/j.cell.2011.08.040 (2011).
27. Varea, O. et al. Synaptic abnormalities and cytoplasmic glutamate receptor aggregates in contactin associated protein-like 2/Caspr2
knockout neurons. Proc. Natl. Acad. Sci. U S A 112, 6176–6181. https://doi.org/10.1073/pnas.1423205112 (2015).

Scientific Reports |
Vol:.(1234567890)

(2020) 10:14446 |

https://doi.org/10.1038/s41598-020-71201-9

10

www.nature.com/scientificreports/
28. Gdalyahu, A. et al. The autism related protein contactin-associated protein-like 2 (CNTNAP2) stabilizes new spines: an in vivo
mouse study. PLoS ONE 10, e0125633. https://doi.org/10.1371/journal.pone.0125633 (2015).
29. Alarcon, M. et al. Linkage, association, and gene-expression analyses identify CNTNAP2 as an autism-susceptibility gene. Am. J.
Hum. Genet 82, 150–159. https://doi.org/10.1016/j.ajhg.2007.09.005 (2008).
30. Falivelli, G. et al. Inherited genetic variants in autism-related CNTNAP2 show perturbed trafficking and ATF6 activation. Hum
Mol. Genet. 21, 4761–4773. https://doi.org/10.1093/hmg/dds320 (2012).
31. Verkerk, A. J. et al. CNTNAP2 is disrupted in a family with Gilles de la Tourette syndrome and obsessive compulsive disorder.
Genomics 82, 1–9 (2003).
32. Aprea, J. et al. Transcriptome sequencing during mouse brain development identifies long non-coding RNAs functionally involved
in neurogenic commitment. EMBO J. 32, 3145–3160. https://doi.org/10.1038/emboj.2013.245 (2013).
33. Gordon, A. et al. Expression of Cntnap2 (Caspr2) in multiple levels of sensory systems. Mol. Cell Neurosci. 70, 42–53. https://doi.
org/10.1016/j.mcn.2015.11.012 (2016).
34. Dawes, J. M. et al. Immune or genetic-mediated disruption of CASPR2 causes pain hypersensitivity due to enhanced primary
afferent excitability. Neuron 97, 806–822. https://doi.org/10.1016/j.neuron.2018.01.033 (2018).
35. Lin, R. H., Mamula, M. J., Hardin, J. A. & Janeway, C. A. Jr. Induction of autoreactive B cells allows priming of autoreactive T cells.
J. Exp. Med. 173, 1433–1439 (1991).
36. Rubio-Marrero, E. N. et al. Structural characterization of the extracellular domain of CASPR2 and insights into its association
with the novel ligand contactin1. J. Biol. Chem 291, 5788–5802. https://doi.org/10.1074/jbc.M115.705681m (2016).
37. Kalueff, A. V. et al. Neurobiology of rodent self-grooming and its value for translational neuroscience. Nat. Rev. Neurosci 17, 45–59.
https://doi.org/10.1038/nrn.2015.8 (2016).
38. Thomas, A. et al. Marble burying reflects a repetitive and perseverative behavior more than novelty-induced anxiety. Psychopharmacology 204, 361–373. https://doi.org/10.1007/s00213-009-1466-y (2009).
39. Croen, L. A. et al. Maternal mid-pregnancy autoantibodies to fetal brain protein: the early markers for autism study. Biol. Psychiat.
64, 583–588. https://doi.org/10.1016/j.biopsych.2008.05.006 (2008).
40. Coutinho, E. et al. Persistent microglial activation and synaptic loss with behavioral abnormalities in mouse offspring exposed to
CASPR2-antibodies in utero. Acta Neuropathol 134, 567–583. https://doi.org/10.1007/s00401-017-1751-5 (2017).
41. Brumback, A. C. et al. Identifying specific prefrontal neurons that contribute to autism-associated abnormalities in physiology
and social behavior. Mol. Psychiatry 23, 2078–2089. https://doi.org/10.1038/mp.2017.213 (2018).
42. Lazaro, M. T. et al. Reduced prefrontal synaptic connectivity and disturbed oscillatory population dynamics in the CNTNAP2
model of autism. Cell Rep. 27, 2567–2578. https://doi.org/10.1016/j.celrep.2019.05.006 (2019).
43. Kwan, K. Y., Sestan, N. & Anton, E. S. Transcriptional co-regulation of neuronal migration and laminar identity in the neocortex.
Development 139, 1535–1546. https://doi.org/10.1242/dev.069963 (2012).
44. Ohara, S. et al. Intrinsic projections of layer Vb neurons to layers Va, III, and II in the lateral and medial entorhinal cortex of the
rat. Cell Rep 24, 107–116. https://doi.org/10.1016/j.celrep.2018.06.014 (2018).
45. Stephenson, D. T. et al. Histopathologic characterization of the BTBR mouse model of autistic-like behavior reveals selective
changes in neurodevelopmental proteins and adult hippocampal neurogenesis. Mol. Autism 2, 7. https://doi.org/10.1186/20402392-2-7 (2011).
46. Kohl, C. et al. Hippocampal neuroligin-2 links early-life stress with impaired social recognition and increased aggression in adult
mice. Psychoneuroendocrinology 55, 128–143. https://doi.org/10.1016/j.psyneuen.2015.02.016 (2015).
47. Phillips, M. L., Robinson, H. A. & Pozzo-Miller, L. Ventral hippocampal projections to the medial prefrontal cortex regulate social
memory. Elife 8, 1. https://doi.org/10.7554/eLife.44182 (2019).
48. Okuyama, T., Kitamura, T., Roy, D. S., Itohara, S. & Tonegawa, S. Ventral CA1 neurons store social memory. Science 353, 1536–1541.
https://doi.org/10.1126/science.aaf7003 (2016).
49. Leung, C. et al. Activation of entorhinal cortical projections to the dentate gyrus underlies social memory retrieval. Cell Rep. 23,
2379–2391. https://doi.org/10.1016/j.celrep.2018.04.073 (2018).
50. Pennartz, C. M., Ito, R., Verschure, P. F., Battaglia, F. P. & Robbins, T. W. The hippocampal-striatal axis in learning, prediction and
goal-directed behavior. Trends Neurosci 34, 548–559. https://doi.org/10.1016/j.tins.2011.08.001 (2011).
51. Hoffman, E. J. et al. Estrogens suppress a behavioral phenotype in zebrafish mutants of the autism risk gene, CNTNAP2. Neuron
89, 725–733. https://doi.org/10.1016/j.neuron.2015.12.039 (2016).
52. Gyorffy, B. A. et al. Local apoptotic-like mechanisms underlie complement-mediated synaptic pruning. Proc. Natl. Acad. Sci. U S
A 115, 6303–6308. https://doi.org/10.1073/pnas.1722613115 (2018).
53. Ripley, B., Otto, S., Tiglio, K., Williams, M. E. & Ghosh, A. Regulation of synaptic stability by AMPA receptor reverse signaling.
Proc. Natl. Acad. Sci. U S A 108, 367–372. https://doi.org/10.1073/pnas.1015163108 (2011).
54. Bialas, A. R. & Stevens, B. TGF-beta signaling regulates neuronal C1q expression and developmental synaptic refinement. Nat.
Neurosci. 16, 1773–1782. https://doi.org/10.1038/nn.3560 (2013).
55. Tiller, T. et al. Efficient generation of monoclonal antibodies from single human B cells by single cell RT-PCR and expression vector
cloning. J. Immunol. Methods 329, 112–124. https://doi.org/10.1016/j.jim.2007.09.017 (2008).
56. Nestor, J. et al. Lupus antibodies induce behavioral changes mediated by microglia and blocked by ACE inhibitors. J. Exp. Med.
215, 2554–2566. https://doi.org/10.1084/jem.20180776 (2018).
57. Sholl, D. A. Dendritic organization in the neurons of the visual and motor cortices of the cat. J. Anat. 87, 387–406 (1953).
58. Kowal, C. et al. Cognition and immunity; antibody impairs memory. Immunity 21, 179–188. https://doi.org/10.1016/j.immun
i.2004.07.011 (2004).
59. Yang, M., Silverman, J. L. & Crawley, J. N. Automated three-chambered social approach task for mice. Curr Protoc Neurosci 8, 26.
https://doi.org/10.1002/0471142301.ns0826s56 (2011).
60. Moy, S. S. et al. Sociability and preference for social novelty in five inbred strains: an approach to assess autistic-like behavior in
mice. Genes Brain Behav 3, 287–302. https://doi.org/10.1111/j.1601-1848.2004.00076.x (2004).

Author contributions

B.D. and L.B. conceived the study. LB designed and analyzed the experiments. C.B.M. performed and analyzed
experiments. P.T.H. designed the behavioral experiments and A.L.B. performed them. B.T.V. designed and analyzed adult brain histology. R.B. performed histology on adult mice. D.C. was responsible for Caspr2 protein
preparation. C.Z. performed immunization, titer assessments and fetal brain histology. C.B.M., P.T.H., B.T., B.D.
and L.B. performed data interpretation and co-wrote the manuscript. All authors discussed the manuscript.

Funding

The Nancy Lurie Marks Family Foundation, NIH SIBR R43 HD092128-01, the Fred & Santa Barile Children’s
Medical Research Trust, and the RWJ Foundation grant #74260 to DC. LB is the recipient of young investigator
award from American Autoimmune Related Diseases Association, Inc. (AARDA) and Barbara Zucker Career

Scientific Reports |

(2020) 10:14446 |

https://doi.org/10.1038/s41598-020-71201-9

11
Vol.:(0123456789)

www.nature.com/scientificreports/
Enhancement Award. CBM is the recipient of The American Association of Immunology (AAI) Careers in
Immunology Fellowships.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-71201-9.
Correspondence and requests for materials should be addressed to L.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |
Vol:.(1234567890)

(2020) 10:14446 |

https://doi.org/10.1038/s41598-020-71201-9

12

